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Abstract 
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standard predictions and experimental data in these cases. 
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I. INTRODUCTION 



Finite-width effects (FWE) is an analog of tlie energy level spreading which takes place in 
the quantum non-stationary systems. These effects arise in the processes with participation 
of the unstable particles (UP) with a large width. There are two principal ways of description 
of FWE (or instability). In the ^-matrix approach UP in an intermediate state is described 
by the amplitude with complex pole p^] or by dressed propagator 2|. The second way is 
the description of instability by the time-dependent field operator js, 3] which simulates an 
" asymptotic" state of UP. 

It was shown in Ref. |3|, that the instability is connected with the spreading (smearing) 
of the UP mass. A wave function of UP in their rest system can be written in terms of its 
Fourier transform j^: 

m - eM^Mt - r|i|/2} ^Lj (1.1) 

Right-hand part of Eq. (11.11) may be interpreted as a distribution of mass value m, with a 
spread (5m, related to the lifetime 5t = l/F, by an uncertainty relation 6m ■ 6t 1. 

Uncertainty relations play a fundamental role in quantum theory. They are based on 
the general principles of the theory and manifest themselves in the processes on various 
hierarchy levels. There are two different types of uncertainty relations in quantum the- 
ory: the Heisenberg uncertainty relations and the time-energy uncertainty relation [s*]. The 
first type relation takes place for canonically conjugated quantities and follows from the 
Cauchy-Schwarz inequality and commutation relations for operators, corresponding to these 
quantities j^. The standard Heisenberg uncertainty relation is valid for the operators of the 
momentum and coordinate. There is no any operator which corresponds to the time and 
the second type uncertainty relation has a completely different character. The time-energy 
uncertainty relation follows from the equation of motion in the Heisenberg representation, 
which desribes the evolution of the non- stationary quantum system 0, Isl. In this case, the 
uncertainty relation can be represented in the form |5|: 

AE-At> -, where At = ^^^^^ . (1.2) 
-2' ||0(t)| 

Thus, At is the time interval, during which the physical value, described by operator 0(t), 
undergos to the character variation. In the case of unstable particle. At is the lifetime and 
AE is the value of the mass smearing Am in the rest frame system . 

The effect of the mass smearing (or finite-width effect) was applied in Refs. jo], [13] for the 
description of UP with smeared mass by the wave field function in the most general form: 

^'(x) = j '^{x,^)uj{^)d^i. (1.3) 

Here \E'(a;, /i) is the spectral component of wave function which describes particle with fixed 
mass squared m^ = // and uj{ii) is some weight function. The function p(/i) = [^^(yu)^ 
describes the distribution (smearing, spreading) of random (fuzzed) mass m of UP. This 
smearing is caused by the stochastic self-energy type interaction of UP with the vacuum 
fiuctuations [l^ and leads to FWE. There are many processes with the participation of UP, 
where FWE play a significant role [lo| . 
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In this work, we consider the contribution of FWE or mass smearing to the mass difference 
in the neutral meson systems M° — M°. Mass difference Am = mn — rriL of heavy (M^) 
and hght (M^) component is one of the main characteristics of mixing in M° - M° system, 
which describes the time of oscillations. When Am ~ Ts, i.e. mass difference is an order 
of width of the short-lived component M^, then the smearing of mass of this component 
leads to an additional contribution to the total mass difference. To illustrate the situation 
we present in Table 1 the experimental data on Am and F for K, B and D mesons, which 



are taken from Refs. 11,02, 13 







r^x'P (^gv) 




(3.483 ±0.006) ■ 10-6 


7.349 ■ 10-6 


B'a - B'd 


(3.337 ±0.033) ■ 10^^ 


4.301 ■ 10-^ 


B's - 5° 


(117 ±0.8) ■ 10-^ 


4.488 ■ 10-^ 




(1.56 ±0.5) ■ 10-5 


1.60 ■ 10-3 



From the data in Table 1, it follows that Am^ ~ r_ft'/2, Am^^ < F^^ and Am/j ^ T^,. So, 
the contribution of the mass-smearing effect (MSE ) to the mass difference can be large for 
the K and D mesons and noticeable for meson. In the case of Bg meson, this contribution 
is negligible due to F <^ Am. 

The aim of this work is to evaluate the contribution of the MSE to the mass difference 
for the case of K, B^ and D mesons. In the second section, we consider the theoretical 
status of mixing in the standard approach. The formalism for evaluation of mass-smearing 
contribution to the mixing in the general case is presented in Section III. The evaluation 
of this contribution to the mixing in — K^, B^ — B^ and — systems is fulfilled 
in Sections IV and V. It was shown, that the contribution of mass smearing to mixing in 
D^-meson and K'^-meson is dominant and large respectively. 



II. MASS DIFFERENCE IN THE STANDARD MODEL 

In the standard approach mass difference is defined by the relation Am ^ 2Re{Mi2), 
where M12 is the amplitude of the flavor changing transition M° — ^ M°. In the framework 
of Standard Model it is caused by box diagrams which lead to the flavor changing neutral 
current (FCNC) at one-loop level (short-distance contribution, SD) [l3|. Long-distance 
contribution is uncontrolled in the case of K and D mesons and is assumed negligible in the 
mixing of B mesons. 



The SD value of mass difference in the case of — systems is IJ, [15 



q2 

Atjik = -^M^MKBKfl[r]i\lsQ{xc) + \h2St{xt) + 2X,Xtr]3Soixc, Xt)]. (2.1) 
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In Eq.f l2.ip the notations are in general usage: 



A 



WlsUcdW Xl = \UlUtd\\ (U is KM matrix), 



\c\t = \U*,Ucd\ ■ \UtsUtd\, So{Xc) = Xc 



so{xt) 



2(1 - xt) 



Inxt, Xt 



Mi;' 



So{xc,Xt) = Xc[\n — 



3xt 



3xf 



Xr. 



2(1 -Xt) 4(1 - Xt)' 



Inxf]. 



(2.2) 



The values of parameters, entering into Eg. (12. II) . are discussed in Refs.|l4l. Il5 



5^ = 0.84, r/i = 1.38, r/2 = 0.574, r/3 = 0.47, /x = 160MeV [14]; 

Ex = 0.86±0.15, r/i = 1.38 ± 0.20, r/2 = 0.57, 7^3 = 0.47, /x = 160 MeV [15]. (2.3) 

The numerous lattice evaluations of Bk give significantly less values, for instance, 
5f^(2GeV) = 0.514, 5f^(2GeV) = 0.524 and Bk = 0.72 [T^. A recent review, in- 
cluding all lattice data, quoted a value 5f^(2 GeV) = 0.58(3) (6) 0. From Eqs. fCT - (l^ 
one can get Am^ ^ 2.34 ■ 10~^eV. We consider also the result, given in Ref.pLSi], where 
lattice Bk was used: 

Attik = (1.87 ± 0.49) • 10"^ eV. (2.4) 

So, the standard evaluations of SD contribution to mass difference give the values which are 
significantly less than the experimental one: 



Am^^ = (3.483 ± 0.006) ■ lO^^eV. 



(2.5) 



This discrepancy has been the subject of various speculations concern extra FCNC transi- 
tion: unknown LD contribution, mixing of singlet quark with ordinary ones 1^[, the presence 
of additional Z' boson [20i], charged Higgs boson |2l| and other new physics 22|. In Section 
IV, we show that an account of the MSE can significantly increases the theoretical mass 
difference and improve the correspondence of theoretical predictions within the framework 
of Standard Model (SM) and experimental data . 

Mass difference in B^ — B^ system is mainly caused by t-quark contribution |14i] : 



ArriB 



67r' 



M^MBBBfBVBSo{xtm,U^ 



tb\ 



0.784xt'™ is given in 



(2.6) 



where for Xo(xt) a good approximation Xnjxt' 
parameters are discussed in Refs.[l4], [15ll) |24] and [25l ]: 

T]B = 0.551 [14], rjB = 0.55 [15]; 

/b = 0.20 ±0.03 Gev [15,24], 5^ = 1.30 ±0.12 [15,24]; 
fs^/B^ = 0.228 GeV [15,24], /b^/B^ = 0.220 GeV [25]. 

Here, we consider the results, given in Refs. (23. 2^: 



23 . The values of 



(2.7) 



AniB = 3.646 ■ 10"^ eV [24], Atjib = 3.518 ■ 10"^ eV [25]. 



(2.8) 
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The theoretical predictions (12.81) are calculated for the average values of input parameters 
and exceed the experimental date: 

Am^^ = (3.337 ± 0.033) ■ 10"^ eV. (2.9) 

The deviation of theoretical values from experimental one is not large and can be explained 
by an uncertainty of the values fsV^B and \U^^Utb\- In Section V we show, that an account 
of the MSE decreases this deviation and improves correspondence between mean theory 
value and experimental data. 

The mixing in — system is intensively studied now both in theoretical and exper- 
imental directions. However, as was noted in the first section, mass-smearing contribution 
to the mixing in this system is most likely very small. 

In the case of — Z)° system, the situation is more complicated and hazy. The central 
problem of calculations is that two approaches that have been successful in treating heavy 
(B) and light {K) meson mixing both are not applicable to D mixing [1^. Moreover, due 
to relatively small splitting of down quarks GIM mechanism leads to strong damping of 
box contribution. Including box diagrams only, one finds x^°^ ~ 10~^ and y^°^ ~ 10~^ 
[27| . where x = Am/T and y = Ar/2r. In the approaches, which are based on operator 
product expansion, the calculations usually yield x,y < 10~^. The collaborations BaBar and 
Belle now obtained evidence for a non- vanishing mixing in the D system: x^) ~ 10~^ and 
yo ~ 10~^ [lH (see Table 1). So, the experimental mass difference in the case of D meson 
exceeds an expected theoretical one at least an order of magnitude (see also 28j-[3l|). In 



Section V, we show that the contribution of mass-smearing to xd can be large and dominant. 
An account of mass smearing makes it possible to get an accordance between the theoretical 
value Xn and experimental one. 



III. DESCRIPTION OF THE MASS-SMEARING EFFECT IN - M° SYSTEMS 

The mass difference is one of the main characteristics of the mixing and oscillation in 
the — M° systems. This mixing is caused by FCNC transition M° < — > M", which is 
described by box diagrams (SD contribution) within the frame-work of the Standard Model. 
The effect of mixing leads to the processes of type M^{t) M^{t) —>■ F along with the 
straight process —>■ F, where F is flavor-specific final state. The ratio of the yields Y{F) 
and Y{F) is related with the mixing and can be observed as time- dependent oscillation of 
quark flavor. 

In the frame- work of the model j^, the MSE is described by the probability density of 
smeared mass p(m). In the case of mesons Am ~ r5 ^ F^,, that is the short-lived 
component contributes to the additional mixing, and we need the functions p{ms). In the 
cases of 5° and mesons, ~ F^, and both components contribute to the mixing. In the 
general case, we have Am = Amo = Mh — Ml, but it does not mean that the additional 
contribution of the mass smearing to the mass difference is equal to zero. Mass difference 
is not a directly observed physical value, nor the value we should average. Such a quantity 
is the transition probability P(M° — »• M^{t)), which is directly related with the mixing as 
function of Am. Now we give a brief description of the conventional formalism we need for 
the calculations of mass-smearing contribution to mixing. 

Time-dependent amplitudes of the transitions 

M+{t) =< M°|M°(t) >, M_{t) =< M^\M^{t) > (3.1) 
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in the parametrization of states 23 



\M\t) >=(7+(t)|M°>+V(t)|M°>, 

P 

\M^(t) >= (7+(t)|M° > + > (3.2) 



can be represented in the forms: 



M^it) = g^t), M_(t) = VW, = l^ Y^'. (3.3) 

p p Mi2 - f 



Then, the probabihties of the transitions are: 



P^t) = |M+(t)p = \g4t)\\ P4t) = \M4t)\' = \^\'\g4t)\'': (3.4) 

P 

\9±{t)\' = - e-^* [cosh(— t) ± cos(Am ■ t)]. (3.5) 

In Eq.f l3.5p . T = (Ts + Tl)/2, where Ts,l are the widths of short- and long-hved (or heavy 
and hght) states. Time-integrated probabihties are the function of Am: 

P±(Am) = / P±{t)dt. (3.6) 



where 23 



Using Eg. (13.51) . from (13.61) one can get (Am ^ x = Am/F): 

^+(^) = 4^{r^ + T^}' P-(^) = ^\-\"i-r—2-T^}^ (3-7) 

21 1 — I + x'^ 21 p I — y 1 + x^ 

where x = Am/F and y = AF/2F. 

To account the mass-smearing effect, we have to average P±{x) = \Mj-{x)\'^ with the help 
of the model probabihty density Px{x) 

P±= j P±{x) p,{x) dx, (3.8) 

where px{x) is related with pmijn) by the standard equality px{x)dx = prn{jn)dm. Here, 
we should note that the values Am and AF emerge as a result of the diagonahzation of 
the matrix M — 2F/2, which describes the mixing in — M° system. So, the values 
Ml, M2, Fi, F2 and, consequently. Am and AF are interdependent in the general case. 
Therefore, variation x leads to variation ?/, that is ?/ — * y{x)-, where the function y{x) is 
defined by the functions F(x) and AF(x). This issue will be considered in the next section. 
The simplest characteristic of mixing is the time-integrated mixing probability: 

The model generalization of this characteristic is the quantity 

M_ _ !P^{x)p{x)dx 

>C pM^pM j[P_{x)+P+{x)]p{x)dx' ^ ' 
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We should note that in the general case 7^ x{^)- It is easy to check that in the limit 
of the fixed mass, that is when p{x) = 6{x — xq), the value x*^ coincides with the standard 
one: 

Thus, to calculate the contribution of the MSE to the value that is to Am, we need 
the function Px[x) which is defined by the initial function Pfnifn). The various definitions of 
Pm{fn) were discussed in Refs. (ol. Iiot . where the Lorentzian (Breit-Wigner type), Gaussian 
and phenomenological distributions have been considered. It was noted, that the Lorentzian 
and Breit-Wigner distributions have a bad behavior at the infinity. So, for the evaluation of 
the mass-smearing contribution to the mixing, further we use the Gaussian distribution. 



IV. MASS-SMEARING EFFECT IN THE K° - K° SYSTEM 

In the case of K^ — K^ system, the time-integrated measurements are not suitable because 
of the lifetime tl of the long-lived component is much greater the lifetime ts of the short- 
lived component Kg, that is ^ and y = (Tg — Tl)/(Ts + F^) ^ 1. From Eg. (13.71) . 
it follows that the second term in P±{x) is small and x*^ ~ X ~ 1/2- So, for this case, the 
time-dependent characteristics of mixing are usually measured. However, we firstly consider 
the time-intergated characteristic x order to illustrate the infiuence of mass smearing on 
mass splitting. Moreover, the comparison of the standard and model approaches gives us 
some information on the function y{x). 

Consider the model value x*^ which is defined by the expression f l3.10p . To evaluate x^ 
we need the probability density p{x), which follows from the function p{ms) in the case of 
— system. The value Auiq = Ml — Ms is fixed mass difference, defined by FCNC 
transitions according to Am-o ~ 2Mi2. Then, Am = M^ — ms is a random value of the mass 
difference, which is defined by the probability density p{ms) with mean value ms = Ms 
and deviation cr{ms) = ^sf^- Further, we consider Gaussian distribution for the short-lived 
component: 



1 , [ms-M; 



\2 



p{ms) dnis = exp{ — } dm. 

V ZTTCX ^cr 



1 ^ (Am — Amn)^^ , , 

=^ exp{-^ °M dAm, (4.1) 



27r(T 2a 

where Am = - ms, Amo = Ml - Ms, a = Fs/2 ^ F and F = [Ts + Fl)/2. Eq.dH]) 
can be represented in the form: 

Px{x) dx = —= exp{ — -{x ~ XqY} dx, (4.2) 
v27r 2 

where x = Am/F, xq = Amo/F and dx = —dAm/T. Now, we should take into account the 
interdependence of the variables Am and AF. Such a dependence arises in self-consistent 
diagonalization of generalized mass-decay matrix M — 'iF/2 of — system with vari- 
able (random) matrix elements. Moreover, some measurements of the ts (that is F5) are 
correlated with Am [2^. We have no a rigid theory of such a system and define the interde- 
pendence of the variable values Am and AF in a phenomenological way as function F5(a;). In 
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the simplest case, one can approximate this function by hnear relation Ts{x) = Ts + k{xo—x) 
with free parameter k. So, we get an equality r5(xo) = Ts, where Ts is experimental mean 
value of width of the short-lived state Kg. In order to avoid the negative values of the r5(x), 
when k{x — Xq) > Ts, we use the exponential formula: 

Tsix) = Tsexp{k{xo - x)). (4.3) 

Expanding this expression in the vicinity of xq, one can see the satisfaction of the above 
mentioned requirements. Note that the gaussian distribution (14.21) cuts out the vicinity 
of Xq and approximately equates the linear and exponential expressions for r5'(x). Now, 
we have to modify the Eq. fl3.7p . introducing the dependence y{x) = 2Ar(x)/r(x), where 
r(x) = (r5(x) + Tl)/2. With allowance for a such modification, Eq. fl3.10l) can be represent 
in the form: 

M _ /{I - e{x) - 4£(x)/(l + x^)}p{x)dx 
^ ^ 2j\l-e{x))p{x)dx ' ^ ■ ^ 

where p{x) is defined by Eq. (l4.2p . e{x) = e exp{—k{xo — x)) and e = Tl/Ts ~ 10^'^ is small 
parameter. To illustrate the contribution of mass smearing to mass splitting we introduce 
the effective (model) Am^ and model parameter a;^^ = Am^^/F. These parameters are 
related with the characteristic iii a standard way (13. lip : 



2(i + (a;A^)2)' ^ Y l-2x^ 



where y = y^^P. So, in order to illustrate effect, we assume an additional convention. 
With the help of Eqs. (l4.4p and (14.51) we get a set of the curves (Fig.l), which describe the 
dependence x'^ on free parameter k for various Amo = (1-87, 2.34, 2.72) ■ 10~^ eV, which 
correspond to xq = 0.51, 0.64, 0.74 (dashed, dashed and solid lines respectively). The first 
two values Am have been considered in the second section as short-distance (SD) mass 
splitting and the third one is found from the condition x^'^{k, Amo) = x'^^^ = 0.9478. 

From Fig.l, it follows that the mass smearing gives an additional contribution to mass 
splitting, however, the standard SD mass splitting Amo = (1-87; 2.34) • 10~^ eV is not 
sufficient to explain the experimental one even with the contribution of mass smearing. The 
value Amo = 2.72 • 10~^eV is found by the matchings Am^ and Am'^^^ at A; ~ 0.55 (see 
Fig.l). This results are based on rather rough evaluations which contain some arbitrariness. 
However, they lead to the conclusions: mass smearing gives an additional contribution to 
the mass splitting in — system; we need in extra small splitting, caused, for instance, 
by the long distance contribution. Besides, the phenomeno logical function Ts{x) can be 
described by the function (14.31) with the parameter k ~ 0.5. 

Now, we consider in detail the time-dependent effect, which describes the oscillation of 
strange in the beam of i^'-mesons. The experimental measurements of the Am and Ts 
is connected with the complicated procedure of fitting. Experimental data are fit to the 
distribution of decays in the regenerator beam, where Am and F are fitting parameters along 
with other technical parameters [l^]. So, we consider the simplest standard characteristic 
of this effect (33j : 

c,., . ^ P+(t,Am)-P_(t,Am) 

5 t. Am = — — — - — r — - — - — -, 4.6 

where P±(t, Am) are defined by Eqs. (l3.4p and (13.51) . The characteristic S{t,/\m) is conve- 
nient to describe the oscillation of strange in i^*^-meson beam at the time t ^ ts- The time 
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FIG. 1: The dependence on parameter k at various xq (Amo). (1) a;o=0.51; (2)a;o=0.64; (3) a;o=0.74. 



of oscillation depends on the splitting of mass, which is smeared within the framework of 
our model. So, we introduce the weighted probability transition: 



Pjl^(t) = / P±(t, Am)p(Am)dAm, 



(4.7) 



where p(Am) is probability density (14. II) . Then, the weighted time-dependent characteristic 
of oscillation is defined as: 

Performing the change of variable Am xT{x) in the expressions (14. 7p . (14.81) and sub- 
stituting p{x), defined by (14. 2p . into (14. 7p . we get the final expression for the function S'^^{t), 
This function describes the time-oscillation of strange with an account of mass smearing and 
can be represented in the form: 



^ f exp{—T{x)t — 0.5{x — XqY) cos{xTs{x)t/2)dx 
f[exp{—Ts{x)t) + exp(— r^t)] exp(— 0.5(x — Xo)'^)dx^ 



(4.9) 



where x = 2Am/rs{x) ~ Am/Tlx). With the help of the expression (I4.9p . we have per- 
formed a fitting of the standard oscillation curve S'^^^(t), which is defined by (14. 6p and 
corresponds to the experimental values Am^^^ and F^^'^. The input parameter Amo was 
changed in the interval (2.34 — 2.72) • lO^^eV and free parameter was varied near the value 
k 0.5. It was found, that the least deviation of the S^{t, Amo) from the S{t, Am*^^^) 
takes place for the values Am^^ = Amo = 2.6 ■ 10~^eV and k = 0.42. In Fig.2 we represent 
the functions S{t) for the cases, when mass differences are equal to Am'^^'' = 3.483 • 10~^eV 
(dotted line) and Amo = 2.34 ■ 10~^eV (dashed line), and the model function S^^{t) for 



9 



S(t) 



0.4 



0.2 



0.6 



0.8 








1.6 



t 



-0.2 



FIG. 2: The oscillation of strange in X-beam at various Amg. Dotted line - S{t, Am'^^P); Solid 
line - S^^^{t, A^). True time is t ■ 6.58 • 10"^° sec. 

the AniQ = 2.6 ■ lO^^eV (solid hne). The true (proper) time is represented in the unit 
6.58 • 10-1° sec. 

From Fig.2, one can see that an account of the mass smearing make it possible to decrease 
the discrepancy between the theoretical prediction Am and the experimental value Am^^P. 
The approach considered can not describe strictly an effect of mass smearing in the systems 
of neutral mesons, however, it provides an estimation of this effect. From the results of 
estimation, it follows that the effect is large for the case of — system and should be 
accounted in the interpretation of the experimental data. Moreover, this estimation gives an 
additional information about possible value of the long-distance or new physics contribution. 

The above considered approach to the description of the MSE in /T'^-meson system has 
rather methodological than an operational status. The time- integrated characteristic x(^) 
is not well defined for this system and can not be experimentally measured. The time- 
depended characteristic S(t), which describes an oscillation of strange, is more adequate and 
conventional one. However, time-energy uncertainty relation imposes some restriction on the 
measuring of this characteristic. To get more detailed function S{t) we have to decrease an 
interval of time t + 6t, where the measurement is fulfilled. According to uncertainty relation 
for unstable system the energy, and consequently the mass of Kg meson, is measured with 
the corresponding uncertainty. The oscillation of strange manifests itself at time t ~ 0{ts), 
so the measurements at the intervals 6t < ts lead to the large uncertainty. In order to escape 
this uncertainty, we need in large statistic or another characteristic, for instance, partially 
time-integrated one, which is some modification of the x{^)y defined by (13. 9p : 




(4.10) 
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Performing the integration in (14.100 . we can represent x{T,x) in the form: 



where 



I^{T,y) = — — ^ — -[1 -e-^^cosh(Arr/2) -?/e-^'^sinh(ArT/2)], 



2r(l-y2) 

l2{T,x) = ——^ — ^[1 - e"^^cos(AmT) +xe"^^sin(Amr)]. (4.12) 



Here, x = Am/T, y = Ar/2r and y ^ y{x) when the mass smearing is absent. It is easy to 
check that in the hmit T — > cxd, the value x{T, x) go to usual function which is defined 
by Eq.f l3.9p . The measurement of the partially time- integrated characteristic x{T) is also 
in conflict with uncertainty relation at T < ts, but it seems lead to smaller uncertainty in 
comparison with S{t). 

In full analogy with the definition of S'^^t) the model definition of x^\T), which account 
mass smearing, can be represented by the expression: 

X^(^) = i[l-W^]' (4-13) 



2' If^T) 



where 



I^2{T) = J h,2{T,x)p{x)dx, (4.14) 

and X = Am/T{x), y{x) ^ 1 — 2e{x). In Fig. 3 we represent the functions xiT) (dotted and 
dashed lines) and x^^{T) (solid line) for the same condition as in Fig.2. Thus, the approach 
considered makes it possible to improve an accordance between the standard evaluations 
of the mixing parameters and experimental data on the oscillation in — ^^-system. 
Moreover, we establish a correspondence between the time-integrated characteristics of the 
mixing and time oscillation of strange. 

We have performed an estimation of the effect of mass smearing in the — system. 
This estimation has some arbitrariness related with free parameter k in the function y{x, k) 
and with the choice of the Amg. These free input are fixed by the matching of the model 
characteristic of oscillation with the standard one, when the experimental Am is used. The 
approach considered make it possible to perform this matching with good accuracy and 
evaluate the MSE, which occur noticeable. 



V. MASS-SMEARING EFFECTS IN B AND D SYSTEMS 

The time-integrated value defined by Eg. (13.91) . is well measured characteristic of mixing 
in the case of B^^ — B^^ and D'^ — Z)° systems. In these cases, we have to take into con- 
sideration an inequality AF ^ F, that is Fj;^ ^ Th. So, both the states M° (light) and 
(heavy) have approximately the same width F and, consequently, the same mass smearing. 
To describe mass smearing by the probability density p{Am) we need in two-dimensional 
function p{mH, mi), which in the general case has five parameters - rhn, ffiL, o'h, ctl and pk 
(coefficient of correlation). The values ttih = Mh and rhi = Ml are related by the equality 



11 




tjih — rfiL = Mh — Ml = Am. From the relation Th = F it follows an ^ ctl = cr, 

where cr ~ F/2. So, we have one free parameter p^. From the physical consideration, it is 
clear that for Am ^ F, which occur in the Bg — system, the correlation is small, pk ~ 0. 
When Am/F = x decreases then the correlation increases. So, it is naturally to assume that 
for the B^ — B^ system (x^^^ = 0.776) the correlation is not large (moderate) and for the 
]jo _ f)0 gygi^em (x ~ 10~^) it is large. 

The probability density p(Am) can be exactly defined with the help of the assumption 
that the conditional one-dimensional distribution of values rriH and rriL is Gaussian. Then, in 
accordance with the comment to the Theorem 18.8-9(b) in Ref.[3^, the value Am = mu—mL 
is also described by Gaussian distribution with the parameters: 

Am = ffiH — rfiL = Amo = Mh — Ml] 

a^iniH - mi) = cr^{mH) + cr'^irriL) - 2pk(y{mH)a{mL). (5.1) 

Taking into account the equalities a{mH) = o-irriL) = F/2 and cr(Am) = Fa/ (1 — Pk)/'^, we 
represent the differential of probability in the form: 

p{Am)dAm px{x)dx = — =exp( )dx, (5.2) 

V^(l -pk) 1 - Pk 

where x = Am/F and xq = Aitlq/T. In the limit pk ^ 1 (full correlation) the function 
Px{x) — > 6{x — xo), that is we get an asymptotic model of 5-function (see js^], sect. 21.9-4). 
In this limit, mass difference is fixed and mass smearing does not get any contribution to 
the mass splitting. So, we consider < < 1, taking into account that maximum effect 
occurs at pk = 0, when a{Am) = \/2a{m). It is clear also, that in the case AF/2F = y <ti 1, 
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we can neglect the dependence y = y{x). Thus, from Eqs. (13.70 and fl3.10p it follows: 



X" = ^[l-(l-y^)/^], (5.3) 

where p{x) is defined by Eq.f l5.2p . 

Now, we consider an effect of the mass splitting in — system. As was shown 
in Section II, the mass difference in the framework of the Standard Model gives the most 
likely interval of values Am^°^' ^ (3.52 - 3.65)10"^ eV {xq = 0.82 - 0.85). These values 
slightly exceed the experimental one Am^"^^ = (3.337 ±0.033) ■ 10"^ eV (x^ = 0.768-0.784). 
An account of the MSE permits to decrease this discrepancy. In Fig.4, we represent the 
model values x^'^Xq, pk), defined by the relation (14.51) with y = 0, as the functions of pk 
for Xo = 0.79, 0.80, 0.81 (dashed, solid and dashed lines, respectively). The horizontal 

0.84 H 



0.82- 




0.76- 

"■''4 0.2 0.4 0.6 0.8 

FIG. 4: The values x*^ as function of pk at xq = 0.79, 0.80, 0.81. Solid line - x^{pk,x^^ = 0.80). 

lines restrict the experimental interval of x, where the point-like line corresponds to the 
central experimental value x = 0.776. The nearest line to the central experimental one 
corresponds to Amo = 3.45 ■ 10~^eV, which corresponds to xq = 0.80, and pk = 0.62 
(moderate correlation). So, an account of the mass smearing make it possible to explain 
some exceeding of the expected theoretical Amo over the experimental one. Note that, 
in contrast to the case of ii''^-meson, when mass smearing increases mass splitting, in the 
case of S^-meson it decreases mass splitting. To illustrate the effect we calculate the value 
R = x^'^ /xq (coefficient of smearing) as function of xq at a various pk- The results are 
represented in Fig. 5, where R{xq) are calculated for p^ = 0, 0.5, 0.8, 0.99 (the larger p^ the 
nearer the curve to R = 1). From Fig. 5, one can see that for every p^ there are two domain 
of Xo, which correspond to i? > 1 and R < 1. For small xq the coefficient R > 1 and mass 
smearing dominates, when pk 7^ 1. For xq ^ 1 the coefficient R < 1 and R{xo) —>■ 1 when 
Xo ^ cxD, or pfc — > 1. These properties illustrate the role of the MSE in K'^, B^ and 
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R 




FIG. 5: The coefficient of smearing R = x /xq as function on xq at various p^'- (1) Pk=^] (2)/Ofc=0.5; 
(3) />fc=0.8; (4) pfc=0.99. 



meson systems. From Fig. 5 it follows, that this effect is negligible in system and can be 
very large in D*^ system. 

In the second section, it was noted that for — system the values and y ^n a re 
expected to be well below 10^^ in the frame- work of the Standard Model (see also |35|)- 
At the same time, recent measurements imply xr, ~ 10~^ and ud ~ 10~^ — 10~^ flS^. An 
account of the MSE makes it possible to explain this contradiction. When Am -C F, the 
main contribution to the mass difference is caused by the mass smearing. From Eq. (l5.3p . it 
follows that, when ?/ ^ x ^ 1, the value x*^ can be approximated by the formula: 

X'\x,) ^ ^[1- j(l-x')p{x)dx] = ^{xl + aD, (5.4) 

where = (1 — Pk)/2. Thus, for pk = and xq ^ 1 we get x'^^ ~ 1/4, and according to 
Eq.(|131), x^ ^ VT2X^/(1 - 2x^)) ~ 1 > x^'-'p. So, the measured value x<^^p ~ lO'^ can be 
obtained in the case of large correlation pk ~ 1. From Eq. fl5.4p and = x'^^^ it follows 

Pk-l- 2(x^^P)2. (5.5) 

Thus, to explain the mixing xd ~ 10^^ we have to assume large correlation pk ~ 1. As was 
noted early, this assumption is natural for the case Am <^ F. It should be noted, also, that 
an account of the dependence y = y{x) may influence on the effective value of the parameter 

y- 
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VI. CONCLUSION 



The FCNC processes play a significant role in the precise test of SM and search for 
New Physics (NP). Mass difference between light and heavy component is an important 
characteristic of the mixing in M° — M° systems, which is caused by FCNC at loop level 
in the frame-work of SM. There are some discrepancy between theoretical predictions on 
Am and experimental ones. The largest contradiction occur in the case of — Z)° system 
{Am^^P S> Am*'^) and K'^ — one {Am^^P ^ 2Am^^). These facts are often interpreted 
as the presence of non-controlled processes, for instance LD contribution, or as the windows 
for NP. 

In this work, we show that the phenomenon of mass smearing (or finite-width effect) gives 
a significant contribution to mass difference in the and meson systems. In particular, 
this contribution can be dominant in the case of meson and large in the case of K^- 
meson. An account of the MSE can significantly improves an accordance of the theoretical 
predictions and the experimental data on Am for K*^, and mesons. We also suggest 
the existing of the correlation between the variable masses of the light and heavy states. 
The value of this correlation depends on the relation of Am and F, that is on the value of 

X. 

The approach considered is the phenomenological description of the mass-smearing phe- 
nomenon in the systems of neutral mesons. It based on the model of unstable particles 
with a smeared mass and closely connected with the uncertainty relation. This effect may 
occur in other characteristics of mixing, such as width difference AF (see the third section) 
or CP violation. Moreover, it may be observed also in the mixing of hadron states with 
Ml — M2 ~ F, such as u; — p^, ~ /o etc. There is no a strict theory of the mass-smearing 
phenomenon, however, the effect can be described in a phenomenological way and it should 
be taken into consideration in the precision test of SM and in the search for the NP. 
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